Abstract. The utility of a satellite-based whitecap database for estimates of surface sea spray production and bubble-mediated gas transfer on a global scale is presented. Existing formulations of sea spray production and bubble-mediated CO 2 transfer velocity involve whitecap fraction parametrization as a function of wind speed at 10 m reference height W(U 10 ) based on photographic measurements of whitecaps. Microwave radiometric measurements of whitecaps from satellites provide whitecap fraction data over the world oceans for all seasons. Parametrizations W(U 10 ) based on such radiometric data are thus applicable for a wide range of conditions and can account for influences secondary to the primary forcing factor, the wind speed. Radiometric satellite-based W(U 10 ) relationship was used as input to: (i) the Coupled Ocean-Atmosphere Response Experiment Gas transfer (COAREG) algorithm to obtain CO 2 transfer velocity and total CO 2 flux; and (ii) the sea spray source function (SSSF) recommended by Andreas in 2002 to obtain fluxes of sea spray number and mass. The outputs of COAREG and SSSF obtained with satellite-based W(U 10 ) are compared with respective outputs obtained with the nominal W(U 10 ) relationship based on photographic data. Good comparisons of the gas and sea spray fluxes with direct measurements and previous estimates imply that the satellitebased whitecap database can be useful to obtain surface fluxes of particles and gases in regions and conditions difficult to access and sample in situ. Satellite and in situ estimates of surface sea spray production and bubble-mediated gas transfer thus complement each other: accurate in situ observations can constrain radiometric whitecap fraction and mass flux estimates, while satellite observations can provide global coverage of whitecap fraction and mass flux estimates.
Introduction
Direct measurements of near-surface ocean processes under high winds remain problematic due to the difficulty of operating surface vessels and in situ instrumentation under gale conditions. Such measurements are necessary to better constrain parameterizations of near-surface ocean processes and improve predictions of weather and climate models. Whitecaps are the surface expression of various airsea processes enhanced by wave breaking. Whitecap fraction W-defined as the fraction of the sea surface covered with sea foam-is thus a forcing variable suitable for parameterizing surface fluxes associated with breaking waves and whitecaps such as surface production of sea spray aerosol and bubble-mediated gas exchange across the air-sea interface. Whitecap fraction is usually obtained from photographs by applying an intensity threshold W(I) to discriminate whitecaps from the surrounding water. Photographic W(I) data have been used extensively to derive parameterizations of W as a function of wind speed at 10 m reference height W(U 10 ). Surface fluxes of particles and gases can be estimated globally by combining a W(U 10 ) expression with global maps of U 10 . However, available W(U 10 ) relationships do not capture the full variability of the oceanic whitecaps because many other factors beside U 10 affect the formation and behavior of the bubbles comprising the whitecaps. Experiments have shown strong correlation of whitecap fraction and gas transfer velocity with microwave brightness temperature T B [1] . Observations of ocean surface T B carry information about the whitecaps because T B responds directly to the surface roughness and sea foam as they are affected by U 10 , wave field history, and seawater properties (e.g., temperature, salinity, and presence of organic compounds) [2] . Attenuation of the electromagnetic radiation at microwave frequencies (e.g., 6-40 GHz) by atmospheric gases, water vapors, and clouds is well characterized and affords all-weather information on oceanic whitecaps from satellite-borne radiometers. Use of satellite-based whitecap fraction to parameterize gas exchange and other surface fluxes of mass and energy can thus alleviate the difficulties of direct in situ measurements of surface fluxes under high winds and potentially improve the flux accuracy by accounting for the whitecap variability caused by secondary factors.
An algorithm obtaining W from satellite observations, developed at the Naval Research Laboratory, combines T B data from WindSat radiometer, a model for atmospheric attenuation at microwave frequencies, and physically-based models for the emissivity of rough sea surface and emissivity of foam [3] . The whitecap database built with this algorithm compiles W(T B ) values for entire year 2006 matched in time and space with data for the wind vector (speed and direction), wave field (e.g., significant wave height and peak wave period), and environmental parameters (e.g., sea surface temperature and atmospheric stability) from different sources [4] . This database has proved useful in analyzing and quantifying the variability of W [5] .
By their measuring principle, microwave radiometers provide the total whitecap fraction W(T B ), including foam generated during active wave breaking and residual foam left behind by these breaking waves [6] . The total whitecap fraction W is important for estimating the sea spray aerosol production and heat exchange between the ocean and the atmosphere. However, the active portion W A is necessary for evaluating turbulent processes such as mixing of the upper ocean, gas exchange, ocean ambient noise, and spray-mediated intensification of tropical storms [7] . Sensitivity of microwave frequency to foam thickness allows association of W A with W(T B ) at 10 GHz (hereafter referred to as W 10 ) and W with W(T B ) at 37 GHz (referred to as W 37 ) [5, 6] . Because this is a crude separation of active and residual whitecaps, we have developed a scaling factor R = W A /W, which, when applied to satellite-based data W(T B ), can provide data for W A on a global scale [8] . The procedure separating active and residual whitecaps uses the Philips concept for breaking crest length distribution [9] and energy dissipation rate ε [10] .
Here, we present estimates of carbon dioxide (CO 2 ) transfer velocity and the sea spray production flux, and assess differences due to use of W(U 10 ) parameterizations based on photographic or radiometric W data. Use of W A values instead of W and the applicability of satellite-based whitecap fraction values for estimating surface fluxes of particles and gases are discussed.
Methods

CO 2 transfer velocity and flux
A physically-based algorithm for bulk meteorological and gas transfer fluxes has been developed using data from the Coupled Ocean-Atmosphere Response Experiment (COARE) [11] . Consistently adding new observations from different field campaigns, the COARE working group has been steadily improving the representation of the meteorological and gas fluxes in the COARE algorithm [11] . Data from three Gas Exchange (GasEx) field campaigns have been used to implement the COARE gas transfer algorithm (designated COAREG) [12] .
The COAREG algorithm has taken the representation of the gas transfer velocity k away from simple power laws in terms of U 10 and currently partitions k into waterside and airside components [12] . Each component is formulated in terms of forcing variables (e.g., U 10 or friction velocity u * ), gas solubility, and gas diffusivity (Schmidt number). The waterside term k w includes molecular-turbulent (or direct) transfer and bubble-mediated transfer k b . The bubble-driven term k b is taken from Woolf [13] and involves the wind speed parameterization of whitecap fraction W(U 10 ) among other variables. Two parameters, A and B, in k w are used as tuning parameters, their values adjusted every time new gas flux observations (or process parameterizations) are available. Importantly, parameters A and B can be used to judge how well the physical formulations in the COAREG algorithm represent the modeled processes and forcing factors. Specifically, because COAREG represents the gas transfer physics on the basis of the similarity hypothesis, the empirical constants A and B should be the same for all gasses.
The latest version COAREG3.1 [12] has been used in this study with meteorological data from the Southern Ocean (SO) GasEx field campaign [14] . The whitecap fraction parameterization used in the bubble-mediated transfer velocity k b is that developed by Monahan and O'Muircheartaigh [15] (hereafter referred to as MOM80):
COAREG3.1 uses A = 1.6 and B = 1.8, values adjusted to fit data from all three GasEx campaigns and wind stress representation with tangential and wave components [12] . Algorithm version COAREG3.1 produces a good fit to field observations using the same A and B values for two gases, CO 2 and DMS (dimethyl sulfide) (e.g., figure 4 in [12] ). One aspect to be addressed in future COAREG versions is to reconcile predictions for the total transfer velocity (normalized to a fixed Schmidt number of 660) k 660 from COAREG3.1 to eddy correlation (atmospheric) gas flux measurements during GasEx campaigns [14] and to the quadratic dependence k 660 (U 10 ) based on dual tracer (oceanographic) gas flux measurements [16] .
Sea spray production flux
Sea spray production flux is necessary for estimating sea spray aerosol loadings in the atmosphere and the spray-mediated heat fluxes. The number or mass of small sea spray aerosols (radii at formation r 0 ≤ 1.6 µm) are needed when modeling the direct scattering of shortwave radiation and modifications of cloud properties by sea salt particles. Loadings of large sea spray aerosols (r 0 > 1.6 µm) are needed to evaluate the contribution of sea spray to enthalpy flux (the sum of sensible and latent heat fluxes) and its role for intensification of tropical storms. For chemical transport models, surface and volume provided by the sea spray particles are needed to assess heterogeneous chemical reactions occurring on or within sea spray droplets.
Sea spray production flux is quantified with a sea spray source function (SSSF), which predicts the rate at which sea spray droplets at a given size dF/dr 0 are produced at the sea surface. SSSF has two main dependencies: (i) size dependence, which gives the shape of the SSSF over the range of sea spray sizes; and (ii) wind speed dependence, which gives the magnitude of the flux. In this study, we use the SSSF recommended by [17] . In this SSSF, the wind speed dependence is introduced via MOM80 whitecap fraction given with (1). The size dependence is presented with the size distributions of Monahan et al. [18] for small (0.8 ≤ r 0 ≤ 1.6 µm) and Andreas [19] for large (1.6 ≤ r 0 ≤ 500 µm) droplets.
Whitecap fraction
There are whitecap fraction data available now from three different measuring methods (section 1), namely photographic data W(I), radiometric data W(T B ), and data from energy dissipation rate using a W A (ε) expression. Figure 1 (solid line) shows the MOM80 parameterization W(U 10 ) given with (1). The available photographic data W(I) (circles, [2, their table 2]) cluster around the MOM80 W(U 10 ) parameterization. Data for wind speed and wave spectra from buoy 41001 have been used to obtain ε and then calculate active whitecap fraction W A (ε) (diamonds in figure 1 ). Values W A (ε) compare reasonably well with photographic W A (I) data (crosses in figure 1 ). Satellite-based data W(T B ) at frequencies of 10 and 37 GHz, matched in time and space with data from buoy 41001, are also shown in figure 1 (squares and triangles) . Both photographic W(I) and radiometric W(T B ) data are one to two orders of magnitude larger than active whitecap fraction data W A (I) and W A (ε). Overall, whichever 10 ) parameterization can be used with readily available wind speed data. Importantly, such a parameterization will be globally applicable because the whitecap database from which it is derived covers the full range of meteorological conditions encountered over the world oceans for all seasons. 
Analysis of the W(T B ) database implied that the influence imparted to secondary factors on whitecap fraction is likely well captured by quadratic wind speed dependence [20] . The wind exponents of 2.26 for W 10 and 1.56 for W 37 in (2) thus reflect the effects of additional factors well. Importantly, the deviations of the wind exponents in (2) from the quadratic exponent account for specifics pertinent to active and residual whitecaps, namely more wind and turbulence influence on W 10 and more bubble property influence on W 37 .
For this study, we have run COAREG3.1 and SSSF first with (1), the nominal choice for whitecap fraction W(U 10 ) in the respective formulations. We then ran COAREG3.1 and SSSF with (2) at all other parameters the same, i.e., changing only the W(U 10 ) relationship. Comparing the results from the two runs, we gain insights for the differences in CO 2 transfer velocity, CO 2 flux, and sea spray production due to using a whitecap fraction with different (or absent) representation of secondary influences. The difference for a variable x obtained once with the nominal (photographic) W(U 10 ) and then with the new (radiometric) W(U 10 ) relationships is quantified as percent change (PC) defined as: figure 4) shows that the use of (2a) instead of (1) yields differences ΔF CO2 /F CO2 from +13% to -53% (figure 5) with an average underestimation of ~ − 6%. The largest difference (around yearday 100) is for a period with the highest wind speed. As expected, the use of (2b) yields overestimation of the total CO 2 flux with ΔF CO2 /F CO2 of ~ + 30% on average.
Results and discussion
The estimates shown in figures 2-5 are obtained using the total whitecap fraction values W(I) and W(T B ). As the data shown in figure 1 suggest, (1) to (2), we obtain lower sea spray fluxes. The sea spray flux obtained with W 10 (dashed line) is by a factor of 2 lower than the flux estimated with MOM80 parameterization (dash-dot line). This is an upper limit of the photographic versus radiometric differences because the flux dF/dr 0 at 37 GHz obtained with (2b) (solid line) has values between those of dF/dr 0 obtained with (1) and (2a). Considering that both active and residual whitecaps contribute to the bubble-mediated production of sea spray droplets, W 37 is more suitable for estimates of spray-driven heat fluxes than W 10 . Figure 7 shows a difference map of sea spray fluxes at r 0 = 10 µm calculated with (1) and (2b) for one day (27 March 2006). According to the map, at this size, sea spray number flux dF/dr 0 obtained with (1) is higher (lower) at high (low) latitudes than dF/dr 0 obtained with (2b) by up to ± 300 particles.
The annual rate of total (size integrated) sea spray mass flux dF for March 2006 is shown in figure  8 . From such maps, we estimated global mean of sea spray production of 5.64 Pg yr -1 . This estimate is comparable to the values of Jaeglé et al. [21] and Sofiev et al. [22] (4.86 and 5.87 Pg yr -1 , respectively), and it differs by less than a factor of 2 from the values reported by Norris et al. [23] and Grythe et al. [24] (3.25 and 8.91 Pg yr -1 , respectively). While the differences can be partially explained with flux integration over different sizes in different studies, it is noteworthy that these previous estimates are based either on direct observations (e.g., Norris et al. [23] uses direct eddy correlation measurements) or on SSSFs modified to better account for additional factors (e.g., SST in Jaeglé et al. [21] ). 
Summary
Surface fluxes of CO 2 and sea spray production have been calculated using satellite-based data for whitecap fraction. The calculated values compare reasonably well with previous estimates of CO 2 transfer velocity (within 10%-60%) and sea spray mass flux (differences less than a factor of 2). Use of active whitecap fraction values would predict CO 2 transfer velocity and flux too low (approximately an order of magnitude) compared to direct observations. The results thus suggest that the upper limit of W A data combined with the lower limit W data would provide whitecap fraction and bubble-mediated CO 2 transfer values that would reproduce the gas exchange characteristics observed with the in situ measurements. For sea spray production flux, satellite-based whitecap fraction at both 10 and 37 GHz produce fair comparisons with previous estimates. A notable implication of these results is the possibility to use satellite-based radiometric measurements of whitecap fraction to obtain surface sea spray production and bubble-mediated gas transfer on a global scale.
